ABSTRACT: A total of 60 pigs from 15 litters were used during two experiments to assess the effects of maternal supplementation of Cr tripicolinate on performance and immune status of the offspring during the first 42 d after weaning. Gilts were raised on diets with either 0 (−Cr) or 200 (+Cr) ppb supplemental Cr from Cr tripicolinate. Their offspring were weaned at about 23 d of age. Pigs from dams fed supplemental Cr were fed Cr-supplemented diets after weaning and pigs from unsupplemented dams were not fed supplemental Cr. Pigs were housed in groups of three according to litter origin (six −Cr and nine +Cr) and BW. Feed and water were available for ad libitum consumption. Serum was collected 24 h after birth, the day after weaning (d 0), and, subsequently, every 7 d through d 28 for measurement of total immunoglobulin (Ig) G and IgM. For the 42-d nursery period, ADG (511 and 531 g/d for −Cr
Introduction
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and +Cr, respectively), ADFI (827 and 851 g/d), and gain:feed (0.62 and 0.62) were not affected (P > 0.15) by Cr. Total IgG was not affected (P > 0.10) by Cr on d 0 (7.6 and 7.7 mg/mL for −Cr and +Cr, respectively) or on d 7 (6.3 and 6.1 mg/mL for −Cr and +Cr, respectively), when the lowest concentrations were observed. By d 28, total IgG had risen (11.7 and 8.9 mg/mL for −Cr and +Cr, respectively) and was affected by Cr (P = 0.03). Total IgM followed a similar pattern and was lowest on d 7. In each trial, IgG at 24 h after birth was inversely related to IgG from d 14 through 28 in the nursery. Additionally, the lowest Ig concentrations occurred between 4 and 5 wk of age, rather than at weaning (23 d of age); this may represent a vulnerable period for weanling pigs. Supplementation of the weanling pig diets with Cr tripicolinate did not significantly affect performance and immune status during the postweaning period.
of the mechanisms by which Cr acts (Burton et al., 1993) . Total immunoglobulin (Ig) G 1 and IgM have been demonstrated to be increased after transport stress in calves supplemented with high-Cr yeast (Chang and Mowat, 1992; Moonsie-Shageer and Mowat, 1993) , and supplementation of stressed calves with high-Cr yeast increased antibody production in response to human red blood cells (Moonsie-Shageer and and ovalbumin (Chang et al., 1996) 14 d after immunization. Although the relationship between Cr and immune function has been explored much more fully in cattle than in swine, it is possible that Cr may affect immune function in swine and cattle in much the same way. Indeed, supplementation of Cr nicotinate to weanling pigs has resulted in an increased antibody production to sheep red blood cells and a decreased antibody production in response to ovalbumin when measured 14 d following immunization (van Heugten and Spears, 1997) . Chromium chloride, Cr nicotinate, and Cr picolinate supplementation in weanling pigs enhanced lymphocyte blastogenesis in response to pokeweed mitogen, but not in response to phytohemagglutinin (van Heugten and Spears, 1997) . The postweaning period is a time of physiological stress in swine, and because the effects of Cr are more pronounced during times of stress the objective of this study was to assess the effect of trivalent Cr supplementation on growth performance, immunological function, and their interaction in swine during this target period.
Materials and Methods

Animals and Diets
This experiment was conducted under protocols approved by the University of Kentucky Institutional Animal Care and Use Committee. A total of 60 terminal crossbred pigs born to the gilts described in a companion study (van de Ligt et al., 2002) Pigs were weaned at 23 ± 2.5 (mean ± SD) d of age with a mean weight of 6.1 ± 0.8 kg and housed with three littermate pigs in a 1.20-× 1.22-m pen in a temperature-controlled nursery building. The temperature was adjusted twice weekly to maintain thermoneutrality. The pens were elevated with welded wire flooring, and each pen contained a four-hole stainless steel feeder and one water nipple. A corn-soybean meal diet that met or exceeded NRC (1988) requirement estimates was available in a three-phase feeding system (Table 1 ). The prestarter Phase I diet was fed until each pen of pigs consumed 11.3 kg, the prestarter Phase II diet was fed until each pen of pigs consumed 22.7 kg, and the starter diet was fed for the remainder of the 42-d trial. Feed and water were available for ad libitum consumption.
In Vivo Cellular Immune Response
Pigs were injected intradermally in each ear on d 8 and 36 after weaning with either 100 L of PBS or 50 g of phytohemagglutinin (PHA) mitogen in 100 L of PBS. Ear thickness was recorded prior to injection (0 h) and at 24 and 48 h after injection with a constant tension micrometer. The immune response to PHA, swelling of the ear as a result of leukocyte infiltration, at each time point was adjusted to account for injection volume effects by subtracting the thickness of the PBSinjected ear from the thickness of the PHA-injected ear.
Antibody Response Testing
The dams of the pigs used in this study (van de Ligt et al., 2002) had been injected approximately 3 wk prior to parturition and again 14 d later with 4 mg of ovalbumin (Grade VII, Sigma Chemical, St. Louis, MO) suspended in 2 mL of a 1:1(vol/vol) solution of PBS and Freunds' incomplete adjuvant (Sigma Chemical). The pigs were injected i.m. with 2 mL of the ovalbumin solution; 1 mL was injected into each semitendinosus muscle on the day after weaning. Serum samples from six pigs per litter had previously been collected by vena cava venipuncture at approximately 24 h of age and were collected the day after weaning (d 0) and every 7 d through d 28. Blood was collected in clot-accelerating vacutainers, immediately placed on ice, and refrigerated at 4°C until centrifugation for separation of serum at 1,500 × g for 20 min at 4°C. Serum samples were stored at −4°C prior to immunological analysis.
Total and α-ovalbumin antibody levels were measured for IgG and IgM isotypes. Total Ig levels were measured by radial immunodiffusion (Bethyl Laboratories, Montgomery, TX) as previously described (van de Ligt et al., 2002) . Specific α-ovalbumin Ig levels were measured with an ELISA as previously described (van de Ligt et al., 2002) .
Statistical Analysis
Data were analyzed by least squares analysis of variance using the GLM procedures of SAS (SAS Inst. Inc., Cary, NC). The model was Y = k + a i + b j + (a*b) ij + e ij , where k = constant, a i = 0 or 200 ppb Cr, b j = nursery trial 1 or 2, a*b ij = treatment × nursery trial interaction, and e ijk = error term. Each litter of origin was considered an experimental unit.
Results and Discussion
Effect of Chromium on Growth Performance
Daily gain, feed intake, and feed efficiency were not affected (P > 0.15) by supplementation with Cr from Cr tripicolinate (Table 2) . A 4 to 24% improvement in weight gain van Heugten and Spears, 1997) , 4 to 12% improvement in feed efficiency Lindemann et al., 1995) , 2 to 16% increase in lean mass (Page et al., 1993; Lindemann et al., 1995; Mooney and Cromwell, 1997) , and 7 to 21% decrease in fat mass (Page et al., 1993; Harper et al., 1995; Lindemann et al., 1995) have been reported with supplementation of Cr picolinate in swine. Supplementation with high-Cr yeast resulted in a 13 to 27% increase in weight gain (Moonsie-Shageer and Kegley et al., 1997) and 17% improvement in feed efficiency in stressed calves. However, no effect on performance criteria has also been reported with Cr supplementation (Amoikon et al., 1995; Harper et al., 1995; van Heugten and Spears, 1997) of weanling and growing swine.
Effect of Chromium on In Vivo Cellular Immune Response
No difference was detected (P > 0.15) in ear swelling in response to the PHA mitogen (Table 3 ) in this study. However, during the 1st wk after weaning the +Cr pigs had a 10 to 20% greater numerical response to PHA. This was similar to the nonsignificant 5 to 13% increase in skinfold thickness reported by van Heugten and Spears (1997) in weanling pigs supplemented with Cr picolinate. Skinfold response to PHA was increased with high-Cr yeast supplementation to stressed calves (Kegley and Spears, 1995) . In vitro cellular immune responses have also been affected by supplemental Cr. Lymphocyte blastogenesis in response to PHA, a T-lymphocyte mitogen, was increased in stressed calves receiving supplemental Cr nicotinate (Kegley and Spears, 1995) . Lymphocyte blastogenesis in response to concanavalin A, also a Tlymphocyte mitogen, was increased at least 70% in morbid calves receiving supplemental chelated Cr (Chang et al., 1994) . Dairy cows supplemented with chelated Cr exhibited an increase in lymphocyte blastogenesis of 57% during late gestation and parturition and of 31% at the time of peak milk yield (Burton et al., 1993) .
Effect of Chromium on Antibody Response
Total serum IgG concentrations (Table 4) were unaffected (P > 0.15) by Cr until d 21 of the experiment, when the −Cr pigs had a higher (P < 0.07) level of serum IgG. Total serum IgM concentrations (Table 4) were greater in the −Cr pigs on d 0 (P < 0.01) and 7 (P = 0.06). These results were in accordance with the normal time course of an immune response in that an IgM response occurs prior to an IgG response (Abbas et al., 1994) . Decreased total IgG has been reported with supplementation of Cr nicotinate in stressed calves (Kegley et al., 1997) . However, these results contradict most experiments involving supplemental Cr. Total IgG was increased in stressed feeder calves receiving supplemental Cr nicotinate (Kegley and Spears, 1995) . Total IgG 1 and IgM were increased after transport stress in calves supplemented with high-Cr yeast (Chang and Mowat, 1992; Moonsie-Shageer and Mowat, 1993) . Total IgM has also shown no change with Cr supplementation from either high-Cr yeast (Moonsie-Shageer and or Cr nicotinate (Kegley and Spears, 1995; Kegley et al., 1997) in transport-stressed calves. Immunoglobulin G antibodies to 7.6 ± 0.8 7.7 ± 0.6 NS d 7
6.3 ± 0.6 6.1 ± 0.5 NS d 14 7.8 ± 0.7 6.4 ± 0.5 NS d 21 9.8 ± 0.8 7.7 ± 0.6 0.06 d 28
11.7 ± 0.9 8.9 ± 0.7 0.03
Total IgM, mg/mL 24 h of age 6.0 ± 1.1 4.9 ± 1.0
Values are means for six −Cr or nine +Cr litters of pigs.
Corresponds to the day of ovalbumin immunization on the day after weaning.
ovalbumin (Table 5 ) tended to be higher (P = 0.13) for −Cr pigs at 24 h of age and continued to be higher (P = 0.05) through d 7 of the experiment (d 31 of age). By the end of the study, α-ovalbumin IgG was greater (P = 0.07) in +Cr pigs. The elevated levels of α-ovalbumin IgG during the 1st wk of the experiment were a carryover effect from the maternal portion of the experiment (van de Ligt et al., 2002) , and the reversal in the effect of Cr on α-ovalbumin IgG indicated an increased IgG response during the postweaning period for the +Cr pigs. These results are supported by many studies investigating specific immune responses in cattle receiving Cr supplementation. High-Cr yeast supplementation of stressed calves increased antibody production in response to human red blood cells (Moonsie-Shageer and and ovalbumin (Chang et al., 1996) 14 d after immunization. Supplementation of chelated Cr to stressed calves increased antibody production in response to infectious bovine rhinotracheitis (Burton et al., 1994) and bovine viral diarrhea (Chang et al., Corresponds to the day of the primary ovalbumin immunization on the day after weaning.
e NS = not significant (P > 0.15).
1996). Additionally, the number of calves responding to vaccination by infectious bovine rhinotracheitis (Burton et al., 1994) and bovine viral diarrhea (Chang et al., 1996) was increased by supplemental Cr. Chelated Cr supplementation has also increased antibody production in response to ovalbumin in periparturient dairy cows. The most notable effects were seen during late gestation, at parturition, and near the time of peak milk yield, which are all periods of physiological stress (Burton et al., 1993) . Antibody production in cattle has been measured in response to several other antigens but no effect of Cr was noted; thus, the idea that the immunomodulatory role of Cr is antigen-dependent was established (Chang et al., 1996) . In contrast to these results, supplementation of Cr nicotinate to weanling pigs decreased antibody production in response to ovalbumin when measured 14 d following immunization (van Heugten and Spears, 1997) . However, supplementation with Cr chloride or Cr picolinate did not affect antibody response to either ovalbumin or sheep red blood cells in weanling pigs (van Heugten and Spears, 1997) .
Immunoregulation from Passively Acquired Immunoglobulins
The reversal in α-ovalbumin levels (Table 5 ) was due to pigs responding more vigorously to immunization with ovalbumin if they acquired a lower α-ovalbumin IgG level from colostrum (Figure 1) . Klobasa et al. (1981) also reported that total serum levels of IgG, IgM, and IgA in pigs at 56 d of age, which is similar to the 52 d of age on d 28 of this study, were inversely proportional to the amount of immunoglobulin absorbed during the first 24 h of age. The presence of passively acquired specific antibodies has been shown to suppress or inhibit the neonatal immune response to those antigens (Banks and McGuire, 1989; Stokes and Bourne, 1989) .
Time of Serum Immunoglobulin Minimum
The half-lives of the different immunoglobulin isotypes have been calculated from serial analysis of total serum concentrations and iodinated immunoglobulin concentrations Bourne, 1971, 1973; Frenyó et al., 1981) . Minimal concentrations of each isotype occurred at different ages because of the variation in half-lives. Minimal concentrations were reached at approximately 5, 2, and 3 wk for IgG, IgM, and IgA, respectively (Curtis and Bourne, 1971; Frenyó et al., 1981; Klobasa et al., 1986) . In this nursery trial, the lowest levels of total and α-ovalbuminspecific IgG occurred at approximately 4.5 wk of age (d 7 of the trial; Table 5 ) and were equivalent to published values. However, total IgM levels were also lowest near 4.5 wk of age which was considerably later than the estimated low point of 2 wk of age, but α-ovalbumin-specific IgM levels were lowest on d 0 (3 wk of age) of the trial. The later detectable low point of IgM indicated that the pigs may have had substantial amounts of de novo synthesis of IgM in response to environmental antigens earlier in the suckling period that then underwent degradation, thus extending the observed half-life beyond previously published times. Half-lives of each isotype were generally similar among previous studies Bourne, 1971, 1973; Frenyó et al., 1981) , suggesting that de novo synthesis during the first 10 to 12 d of life was minimal for IgG and IgA but made a major contribution to the total amount of IgM (Curtis and Bourne, 1973) . Therefore, the period up to 5 wk of age at a minimum, regardless of time of weaning, represents an extremely vul- 
Implications
The period up to 5 wk of age at a minimum, regardless of time of weaning, represents an extremely vulnerable immunologic time period for the weanling pig. Because Cr tripicolinate supplementation of weaned pigs did not seem to positively affect immunocompetence, greater effects on serum immunoglobulin concentration may be obtained through strategies to alter maternal contributions to the pig via colostral transfer.
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